The predictability of large-scale atmospheric motions during the onset period of a prominent atmospheric blocking event occurring over the Euro-Atlantic sector during 12−21 December 2007 is examined using Japanese 25-year Reanalysis (JRA25)/JMA Climate Data Assimilation System (JCDAS) dataset and one-week ensemble forecast dataset provided by the Japan Meteorological Agency (JMA). First, it is found that the predictability in the blocking region is temporarily reduced during the onset period of the blocking event. Second, a simple sensitivity analysis introduced by Enomoto et al. (2007) indicates that low-frequency variations associated with a quasi-stationary Rossby wave train significantly affect the prediction of the blocking onset in comparison with high-frequency variations. This is also confirmed by the time evolution of the spread among ensemble members based on 300-hPa height field. Finally, the predicted vorticity flux divergence by the low-frequency variations, rather than the highfrequency variations, is also found to significantly correlate with the predicted blocking strength, which stresses the importance of the low-frequency variations for the prediction of the onset of this blocking event.
Introduction
The atmospheric blocking is one of the most significant agents to cause unusual weather conditions in the extratropics due to its enhanced persistence up to several weeks. Thus, it is important to predict the occurrence of the blocking to improve the extended range forecasts. However, it is very hard to predict the blocking onset since the predictability of the blocking formation is rather limited due to the tendency for the forecast error to grow during the onset period of the blocking (e.g., Kimoto et al. 1992) . The ensemble prediction is more skillful than a deterministic forecast for the prediction of the blocking onset (Pelly and Hoskins 2003b) . Colucci and Baumhefner (1998) showed a large spread in a blockonset prediction for ensemble forecasts initialized several days prior to the blocking onset. However, the detailed process and mechanism of the growth of the forecast error and spread during the blocking onset have not been clarified as yet.
It has been revealed in the previous studies that there are two important dynamical agents for the blocking formation: the lowand high-frequency dynamics. The blocking formation due to the temporal obstruction of quasi-stationary Rossby wave propagation (e.g., Nakamura et al. 1997) represents the low-frequency dynamics, while the vorticity flux divergence by synoptic disturbances associated with high-frequency variations (Nakamura et al. 1997; Nakamura and Fukamachi 2004) is the other important agent for the blocking formation.
In this paper, we try to reveal the relative importance of the low-and high-frequency dynamics for the predictability of the blocking formation. For this purpose we examine a blocking event occurring over the Euro-Atlantic sector during 12−21 December 2007 using one-week ensemble forecast dataset of the Japan Meteorological Agency (JMA). Although this is a case study, we believe that this line of approach will promote our understanding on the predictability of the blocking formation.
Data and blocking index
The data used in this study is JRA25/JCDAS four-times daily dataset from 1 January 1979 to 28 February 2009 with 1.25° horizontal resolution at 23 pressure levels from 1000 to 0.4 hPa (Onogi et al. 2007 ). We also used operational one-week ensemble forecast dataset from 1 November 2007 to 28 February 2009 provided by the JMA. The one-week ensemble predictions for this period were performed using a JMA global spectral model of triangular 319 truncation with linear Gaussian grids and 60 vertical levels (JMA 2007) . The forecast data has been archived every 12 hours for the prediction period of 9 days on 1.25° horizontal resolution at 10 pressure levels from 1000 to 100 hPa. Each ensemble prediction has 51 members starting from 50 perturbed and 1 unperturbed initial conditions. The initial perturbations are obtained using the Singular Vector (SV) method north of 20°S. Hereafter, we will use the daily-mean values of these two datasets.
The anomaly is defined as a departure from daily climatology created by 60-day low-pass (Lanczos) filtered daily-mean values at each calendar day. To extract low-frequency components from a relatively short prediction period (9 days), a 5-day-running mean is applied to the anomaly field. High-frequency components are then defined by subtracting the 5-day-running mean from the daily-mean values. To construct 5-day-running mean at day 0 and day 1 prediction, the initial conditions of the control forecasts starting from day −2 and day −1 were used.
To identify the blocking events in this study, we used the blocking index of Pelly and Hoskins (2003a) based on the meridional distribution of potential temperature (θ) on the dynamical tropopause defined by 2 potential vorticity units (PVUs). The blocking index is a function of longitude, and has a positive value when there is high θ to the north and low θ to the south. A blocking event is detected when the blocking index is positive for at least 15° of longitude and at least 4 consecutive days. Hereafter, we will focus on a blocking event occurring over the Euro-Atlantic sector during 12−21 December 2007. This blocking event has the largest low-frequency component of 300-hPa height (Z300L) anomaly among the blocking events detected during the analysis period from 1 November 2007 to 28 February 2009. Figure 1 shows Z300L during the amplification period of the blocking event. The anomaly fields (color shades) and the wave activity density flux (arrows) clearly show the downstream development of the height anomalies from the eastern North-Pacific (denoted by A in Fig. 1 ) to the Euro-Atlantic sector (E) via the western North America (B), the eastern North America (C) and the North Atlantic (D). This corresponds to the energy propagation of a quasi-stationary Rossby wave train, which is followed by the development of the blocking over the Euro-Atlantic sector (E). Thus, it is suggested that the low-frequency component plays an important role in the blocking formation. The onset of the block-value of i-th member, F m the ensemble mean. If the spread is large, the predictability is generally limited. Figure 2 shows the time evolution of the spread of the predicted blocking strength for day 3 (black line), day 5 (blue line) and day 7 (red line) forecasts. The spread of the predicted blocking strength tends to increase for predictions starting several days before the onset of the blocking (12 December 2007). The time evolution of the forecast error of the ensemble mean shows the similar tendency (not shown). These correspond to low predictability during the formation period of the blocking, consistent with previous studies (e.g., Kimoto et al. 1992 ). Hereafter, we will focus on the ensemble forecast starting from 8 December, for which day 5 and day 7 spreads attain maxima during this period. The corresponding ensemble mean forecast underestimates the blocking strength (not shown).
Results
Secondly, we conducted a simple sensitivity analysis introduced by Enomoto et al. (2007) to detect the initial perturbation on 8 December that grows most optimally in the blocking region for day 4 (12 December) forecast, corresponding to the blocking onset. Here, the perturbation is defined as the deviation from the unperturbed member, and its norm is defined in terms of dry total energy (e.g., Ehrendorfer and Errico 1995) . We used 25 perturbed members, which are independent of each other, for this analysis. Figure 3 shows the distribution of the sensitivity in terms of the vertically integrated dry total energy of the obtained initial perturbation. There are high sensitive regions over the eastern North Pacific (denoted by A in Fig. 3 ) and the western North America (B in Fig. 3 ). These regions are located near peaks of Z300L anomaly (contour lines in Fig. 3 ) associated with the quasi-stationary Rossby wave train. Another sensitive region resides over the western North Atlantic (40°N, 60°W) corresponding to a node of the Rossby wave train. This correspondence suggests that the prediction of the atmospheric motions in the blocking region for day 4 forecast is sensitive to the uncertainty of the amplitude and phase of Rossby wave train at the initial time. Hence, the prediction of the blocking formation is found to be affected by low-frequency components.
To confirm the important role of the low-frequency component in the prediction of the blocking formation, we examine the time evolution of the spread of the predicted 300-hPa height (Z300) fields along the quasi-stationary Rossby wave train as shown in Fig. 1 . To facilitate the analysis, the propagation path of the Rossby wave train is represented by a line connecting each peak of Z300L anomaly averaged over 8−15 December, as shown by the red dashed line in Fig. 4 . Figure 5 shows the longitude-time cross section of the spread of the predicted Z300 for the ensemble forecast starting from 8 December along the red dashed line in Fig. 4 . It is found from Fig. 5 that a local maximum of the spread exists around 110°W for day 0−3 forecast (the verification date is 8−11 December). The peaks of the spread also reside around 70°W for day 4 forecast (12 December) and around 20°W for day ing (12 December 2007) is here defined as the first date when the blocking index becomes positive over at least 15° of longitude. The blocking region is also defined as the rectangle region surrounded by red lines in Fig. 1b and Fig. 3 (50°N−75°N , 20°W− 30°E) where the blocking high developed. Moreover, we define the blocking strength as the areal average of Z300L anomaly over the blocking region.
Firstly, we examine the predictability of the blocking formation by using the spread of the predicted blocking strength. The spread among ensemble members is defined by
Here, N is the number of the ensemble members, F i the predicted 
forecast (14 December).
On the other hand, Fig. 6 , which shows a similar longitudetime cross section of the observed Z300L anomalies along the red dashed line in Fig. 4 , clearly indicates the energy propagation of the quasi-stationary Rossby wave train. A crude estimation of the energy propagation is represented by black lines in Figs. 5 and 6. It should be noticed that the black line penetrates the peaks of the spread in Fig. 5 . Hence, the spread propagates downstream with almost the same speed as the group velocity of the quasi-stationary Rossby wave, and grows in the blocking region of 20°W− 30°E for day 6 forecast. Moreover, the locus of the spread peak around 110°W for day 0−3 forecast in Fig. 5 well coincides with that of Z300L anomaly in Fig. 6 . Thus, it is also suggested that the initial uncertainty in the amplitude and phase of the Rossby wave train associated with the low-frequency component has significant influence on the prediction of the blocking formation.
Finally, to reveal quantitatively the sensitivity of the predicted blocking strength to both the low-and high-frequency components, we made the following correlation analysis based on the vorticity budget on 300-hPa surface. In this analysis, the correlation between the predicted blocking strength and the predicted height tendency (ΔZ) of Z300L over the blocking region associated with the vorticity flux divergence of each component is examined using all the ensemble members. The 300-hPa height tendency ΔZ L (ΔZ H ) averaged over the blocking region (see Fig. 3 ) associated with the vorticity flux divergence due to the low(high)-frequency component is defined by
Here, v is the horizontal wind vector at 300 hPa, ζ the vertical component of 300-hPa relative vorticity, g the gravity and f 0 the Coriolis parameter at 60°N. For a variable A, A′ denotes the anomaly. The subscripts "L" and "H" represent the low-and highfrequency components, respectively. The areal average of
has been performed over the blocking region. Interactions between the high-and low-frequency transients are ignored in Eqs. (2) and (3) due to their negligible contributions (Cash and Lee 2000) . Figure 7a indicates that the observed ΔZ L and ΔZ H are positive and have comparable magnitudes during the onset period of the blocking after 9 December. Thus, both low-and high-frequency components play an equivalent role for the blocking formation. On the other hand, the blue and red lines in Fig. 7b show the ensemble average of the predicted ΔZ L and ΔZ H for the forecast starting from 8 December, respectively. The error bars indicate the corresponding ± 1 standard deviation of ΔZ L and ΔZ H from the ensemble average for day 2 forecast. From this figure, we find that the predicted ΔZ L and ΔZ H for day 2 forecast also have almost the same positive value (about 25 m day ). Here, using all the ensemble members, we computed a correlation coefficient R L (R H ) between the predicted ΔZ L (ΔZ H ) of day 2 forecast and the blocking strength of day 4 forecast, corresponding to the onset date of the blocking (12 December). The obtained value of R L is 0.76, which is much larger than R H (= 0.18), and is statistically significant at 99% confidence. The statistical significance is assessed by Student's t-test. Moreover, the predominance of R L in comparison with R H before the blocking onset is independent of the valid time when ΔZ L and ΔZ H are computed (not shown). The similar results are also obtained for the forecasts starting from 9 to 10 December (not shown). Thus, it is found that the prediction of the blocking strength is more sensitive to the low-frequency component (ΔZ L ) than the high-frequency component (ΔZ H ). Hence, this analysis also reveals the importance of the low-frequency component for the predictability of this blocking onset.
Concluding remarks
In this study, we examined the variation of the predictability during the onset period of a prominent blocking occurring over the Euro-Atlantic sector during 12−21 December 2007 using JRA25/JCDAS dataset and one-week ensemble forecast dataset provided by the JMA. In particular, we have focused on the relative importance of the low-and high-frequency components for the prediction of the blocking formation.
Firstly, it is found that the ensemble spread of the blocking strength, corresponding to the magnitude of 300-hPa height anomaly associated with the blocking high, attains its peak for several days before the blocking onset. This fact suggests that the predictability of the blocking formation is rather limited for the forecasts starting from several days before the blocking onset, consistent with the previous studies (e.g., Kimoto et al. 1992) .
Secondly, we examined the initial sensitivity for the 4-day ensemble forecast for the prediction of the blocking onset by a simple sensitivity analysis of Enomoto et al. (2007) . The obtained high sensitive regions are located along the observed quasistationary Rossby wave train developing upstream of the blocking region. This suggests that the uncertainty in the amplitude and phase of the Rossby wave train has considerable influence on the prediction of the blocking formation. Moreover, it is found that the local maxima of the spread of the predicted 300-hPa height fields propagate downstream with almost the same speed of the group velocity of the quasi-stationary Rossby wave.
Finally, to reveal the sensitivity of the prediction of the blocking formation to the low-and high-frequency components, we conducted a correlation analysis between the predicted blocking strength and the predicted height tendency over the blocking region associated with the vorticity flux divergence of each component. As a result, the predicted height tendency due to the lowfrequency components, rather than the high-frequency components, is found to significantly correlate with the predicted blocking strength. This fact also supports the qualitative results of a simple sensitivity analysis and the analysis using the spread of 300-hPa height fields.
For further studies, we have to examine the predictability of other blocking events by the same line of approach of this study in order to elucidate the relative importance of the low-and high-frequency components for the prediction of the blocking formation. This kind of research on the predictability will deepen our understanding on the role of each component for the blocking formation suggested by Nakamura et al. (1997) . 
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